The recycling of synaptic vesicle (SV) proteins and transmitter release occur at multiple sites along the axon. These processes are sensitive to inhibition of the small GTP binding protein ARF1, which regulates the adaptor protein 1 and 3 complex (AP-1/AP-3). As the axon matures, SV recycling becomes restricted to the presynaptic bouton, and its machinery undergoes a complex process of maturation. We used the styryl dye FM1-43 to highlight differences in the efficiency of membrane recycling at different sites in cerebellar granule cells cultured for 7 days in vitro. We used Brefeldin A (BFA) to inhibit AP-1/AP-3-mediated recycling and to test the contribution of this pathway to the heterogeneity of the responses when these cells are strongly stimulated. Combining imaging techniques and ultrastructural analyses, we found a significant decrease in the density of functional boutons and an increase in the presence of endosome-like structures within the boutons of cells incubated with BFA prior to FM1-43 loading. Such effects were not observed when BFA was added 5 min after the end of the loading step, when endocytosis was almost fully completed. In this situation, vesicles were found closer to the active zone (AZ) in boutons exposed to BFA. Together, these data suggest that the AP-1/AP-3 pathway contributes to SV recycling, affecting different steps in all boutons but not equally, and thus being partly responsible for the heterogeneity of the different recycling efficiencies.
During the maturation of a neuron, transmitter release and the recycling of synaptic vesicle (SV) proteins occurs at multiple sites along the axon (Antonov et al. 1999) . These processes are sensitive to inhibition by the small GTP binding protein ARF1, which regulates the activity of the adaptor protein 1 and 3 complex (AP-1/AP-3) (Polo-Parada et al. 2001) . As the axon matures, SV recycling becomes restricted to the presynaptic bouton and the machinery for SV recycling undergoes its own complex process of maturation, in some cases involving a switch in the adaptor proteins used (Bonanomi et al. 2006; Shetty et al. 2013) . The brefeldin A (BFA)-sensitive adaptor protein AP-3 mediates clathrinindependent vesicle formation in immature SV recycling Shi et al. 1998 ), yet maturation can shift SV recycling from the plasma membrane to a pathway that primarily uses the AP-2 clathrin adaptor protein (Takei et al. 1996; Schmidt et al. 1997; Shi et al. 1998; PoloParada et al. 2001) . Nevertheless, AP-1/AP-3-mediated recycling still occurs in mature synapses, and while both the AP-2 and AP-1/AP-3 pathways may be employed, they might be activated under different circumstances in order to recycle distinct SV cargos or to generate vesicles from different membranes (Voglmaier et al. 2006; Newell-Litwa et al. 2007; Kim and Ryan 2009) .
Different modes of endocytosis contribute to SV retrieval and recycling when vesicles fully collapse during exocytosis (Heuser 1989) . Clathrin-mediated endocytosis (CME) uses AP-2 and it is dominant during mild neuronal activity (Granseth et al. 2006) . By contrast, strong stimulation triggers activity-dependent bulk endocytosis (ADBE) that results in the endocytosis of large portions of the membrane and in the generation of endosomal-like structures. Vesicles bud off from these structures through a mechanism mediated by the BFA-sensitive AP-1/AP-3 complexes (Clayton et al. 2008 (Clayton et al. , 2009 Cheung and Cousin 2012; Korber et al. 2012) . However, recent data show that AP-1 also affects bulk endosome formation from the plasma membrane at mature synapses (Park et al. 2016) , and that clathrin and AP-2 operate at internal endosomes to regenerate SVs (Kononenko et al. 2014) . Moreover, some forms of endocytosis involve the formation of non-releasable endosomes that fail to produce SVs but are important in maintaining membrane homeostasis (Perez Bay et al. 2007) .
The styryl dye N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide (FM1-43) can be used to study vesicle recycling in rat cerebellar granule cells cultured for 7-8 days in vitro (DIV). In this way, differences in membrane recycling efficiency after strong and sustained stimulation can be demonstrated at different points along the axon, segregating into two main populations (BartolomeMartin et al. 2012; Broek et al. 2016) . Accordingly, we hypothesized that a distinct contribution of the AP-1/AP-3 pathway to SV recycling could account for this segregation. We used the fungal metabolite BFA to inhibit the AP-1/AP-3 pathway and we studied SV recycling in these cultured neurons using imaging techniques (FM1-43 and vGluT1-pH) and ultrastructural analyses. When cells were incubated with BFA prior to FM1-43 loading, there was a significant decrease in the density of functional boutons (those labeled under stimulation that are no longer labeled when the cells are stimulated again) and an increase in the proportion of boutons found in endosome-like structures. However, these effects were not observed when BFA was added 5 min after the loading step when endocytosis had almost been completed. In this situation, an increase in both fluorescence intensity and functional boutons was accompanied by the approximation of the vesicles to the active zone (AZ), suggesting that the formation and reclustering of vesicles was favored (Li and Murthy 2001) .
Materials and methods

Cell culture
Experiments were conducted according to the recommendation of the Ethics Committee from 'Universidad Complutense de Madrid' on the use of animals for laboratory experimentation. All efforts were made to avoid animal suffering and to use the minimum number of animals allowed by the experimental protocol. Previously, we observed that there were no differences between cells from male or female rat pups, so we used them indistinctly. Sevenday-old (P7) Wistar albino rat pups of either sex were provided by the Animal Facility of Universidad Autonoma de Madrid. They were housed with their mother under controlled temperature and lighting conditions with food and water provided ad libitum until P7. Cells were dissociated from six cerebella as described previously (Jurado et al. 2003) , and the primary cerebellar cells isolated were diluted in Neurobasal A supplemented with B27 (Life Technologies, Grand Island, NY, USA), 20 mM KCl, 0.5 mM glutamax (Life Technologies, Alcobendas, Madrid, Spain) and a stabilized antibiotic/antimycotic solution (Sigma-Aldrich, Tres Cantos, Madrid, Spain). The cells were seeded onto 15 or 25 mm diameter poly-Llysine coated coverslips at a density of 3 9 10 5 or 9 9 10 5 cells/ coverslip, respectively. The cultures were maintained in a humidified incubator at 37°C in an atmosphere of 5% CO 2 and after 24 h in culture, cytosine-b-D-arabinofuranoside (10 lM: Sigma-Aldrich) was added to restrict glial cell growth. The cultured cells were routinely used for experiments between 7 and 8 DIV.
Cell transfection
Dissociated neurons were transfected with the chicken actin pCAGGs vector (1 lg) containing the vGluT1-pHluorin construct. Transfections were performed using the Rat Neuron Amaxa Nucleofector Kit (Lonza, Basel, Switzerland), electroporating the cells on an Amaxa TM Nucleofector II according to the manufacturer's indications (program O-003). The cells were then grown as described previously until 7-8 DIV (Lopez-Jimenez et al. 2009 ).
Vesicle recycling (FM1-43)
Recycled SVs were labeled with the cationic styryl pyridinium dye FM1-43 (Molecular Probes, Invitrogen, Madrid, Spain) as described previously (Bartolome-Martin et al. 2012) , with minimal modifications. Briefly, the cells were incubated for 10 min in HEPESbuffered medium [HBM: 140 mM NaCl, 5 mM KCl, 5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 1 mM MgCl 2 , 1.33 mM CaCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.4)] and they were then incubated for 90 s with FM1-43 dye (10 lM) in high potassium HEPES-buffered medium [hk-HBM: 95 mM NaCl, 50 mM KCl, 5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 1 mM MgCl 2 , 1.33 mM CaCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.4)]. The coverslips (15 mm diameter) were then placed in a rapid-switching, RC-20 laminar-flow perfusion chamber (volume: 36 lL; Warner instruments) on a PH-5 platform of a Nikon Eclipse TE2000-S inverted epifluorescence microscope, and they were perfused continuously for 10 min (1 mL/min) using a VC6 perfusion system (Warner instruments). Alternatively, the cells seeded on 25 mm coverslips were mounted in a slotted bath within a field stimulation chamber (RC-21BRFS, volume 263 lL: Warner instruments). The cells were incubated with FM1-43 dye (10 lM) in HBM and stimulated for 90 s at 20 Hz before washing for 10 min (1 mL/min) as above. Baseline measurements were acquired over 30 seconds and subsequently, dye unloading was produced by stimulating the cells either through a 3 min perfusion with KCl (50 mM) or through electrical stimulation: 90 s at 20 Hz or 45 s at 40 Hz. The temperature was clamped at 37°C with a TC-344B temperature control system (Warner instruments) in order to minimize the effects of temperature fluctuations. Images were acquired at a rate of 1 Hz using an iXon EM + EMCCD camera (iXon EM +DU885: Andor Technology, Belfast, UK) and fluorescence emission was recorded through a Nikon CFI Plan Apo VC 60X Oil objective 1.4 (NA). Excitation was provided by a 479 nm monochromator and the light emitted was collected through a fluorescein isothiocyanate (FITC) filter.
Analysis of FM1-43
Different fields were selected at random and individual synaptic boutons were analyzed as described previously (Bartolome-Martin et al. 2012) . Regions of interest (ROIs) were identified with Igor Pro software orientated toward synaptic boutons, and they were analyzed with an automated method that employs a minimum quality criterion (based on: size, initial fluorescence, boutons on the fiber according to the contrast image, good rate signal-to-noise, good baseline before stimulation, and extent of destaining) of 0.1 (Bergsman et al. 2006) . The values of dye release were normalized to the initial fluorescence (F/F0), identifying heterogeneous responses that could nevertheless be categorized into two main subpopulations of synaptic boutons (Bartolome-Martin et al. 2012) . The two main subpopulations were classified according to a 60% unloading threshold 1 min after the onset of stimulation, the cut-off previously reported between these two groups. Accordingly, the boutons that destained more than 40% following a 1 min stimulation were classified as 'the strong group', whereas the rest of the boutons were denoted as 'the weak group'. All individual responses were visualized and checked in order to rule out potentially aberrant boutons, excluding them from the analysis. When the rate of dye release was calculated, we subtracted the remaining fluorescence of each bouton at the end of the stimulation period (Bartolome-Martin et al. 2012) . Where indicated, bouton density was calculated by dividing the overall number of functional synaptic boutons by the whole neurite length in each field. The NeuronJ plugin of ImageJ (National Institutes of Health, USA) was used to measure the total neurite length in the phase contrast image acquired from each field (Meijering et al. 2004) . Functional synaptic boutons are those that incorporate dye during the first stimulus and they release it (fully or partially) during the second stimulus.
The imaging of vGluT1-pHluorin (vGluT1-pH) As described previously, we used a direct optical presynaptic readout that was based on the pH-sensitive GFP pHluorin (Miesenbock et al. 1998) Quantitative measurement of the fluorescence intensity associated with individual boutons was obtained by averaging a selected area of pixel intensities using ImageJ software. Individual ROIs were automatically identified with SARFIA software in combination with Igor Pro 6.2 (Dorostkar et al. 2010) , and large puncta representative of clusters of several smaller synapses were rejected and excluded from the analysis. Fluorescence was expressed as the averaged intensity of all the pixels within the ROI. To prevent re-acidification when assaying exocytosis, neurons were preincubated for 50 s with bafilomycin A1 (0.5 lM, Baf), a V-type ATPase inhibitor (Sankaranarayanan and Ryan 2001), and they were then stimulated for 10 s with 50 mM KCl. Since Baf blocks reacidification of endocytosed SVs, vGluT1-pH fluorescence is indicative of exocytosis alone. The net fluorescent changes for individual boutons were obtained by subtracting the average intensity of the ten first frames (F 0 ) from the intensity of each frame (F), normalizing to the maximum fluorescence intensity (Fmax-F 0 ) and then averaging. Endocytosis during stimulation was derived by subtracting the vGluT1-pH fluorescence in the absence of Baf from that in the presence of Baf after the subtraction of the spontaneous release (DF endo = DF exo -DF exo-endo ), as indicated previously (Zhao et al. 2014) . The rate of exocytosis and endocytosis during stimulation were obtained from the linear fits to the data. The data were collected from 50 to 100 boutons from each coverslip and 'n' represents the number of experiments from at least three different cell cultures. In the absence of Baf, stimulation elicits exocytosis (an increase in fluorescence) followed by endocytosis (fluorescence decay). The decay phase of the vGluT1-pH signal reflects the rate of synaptic vesicle re-acidification that follows vesicle retrieval. Re-acidification is fast (s~4 s), such that the decline in the vGluT1-pH signal is a measure of endocytosis close to real-time (Atluri and Ryan 2006; Granseth et al. 2006) . Since fluorescence does not decay to zero, the endocytic time constant was obtained using the initial slope method (Zhao et al. 2014) . Images were acquired at a rate of 4 Hz and averaged into one single frame per second in order to enhance the signal-to-noise ratio, resulting in an actual readout of 1 Hz.
Brefeldin A treatment For FM1-43 experiments and Transmission electron microscopy (TEM), cells were pre-incubated with BFA (10 lg/mL; Cheung and Cousin 2012; Korber et al. 2012) in HBM either for 30 min before FM1-43 loading or for 30 min before the unloading stimulus, starting 5 min after the loading step. For vGluT1-pH experiments, cells were pre-incubated with HBM containing BFA (10 lg/mL) for 30 min before the first 10 s stimulus, and it remained present during the washing and resting period between the two stimuli.
Electron microscopy
To visualize the effect of the different treatments or experimental conditions on SV distribution and recycling within presynaptic terminals, cultured cerebellar granule cells subjected to different treatments were stimulated for 90 s with hk-HBM (50 mM KCl) and they were then either fixed immediately or maintained at rest for 30 min in HBM (5 mM KCl), emulating our routine protocol for the loading and washing out of the FM1-43 dye. When indicated, in order to label endocytic structures, stimulation was done in the presence of 10 mg/mL horse radish peroxidase (HRP) according to the method described by Cheung & Cousin (Cheung and Cousin 2013) . Cells were fixed for 1 h at 4°C with 4% paraformaldehyde/ 2.5% glutaraldehyde in Milloning's sodium phosphate buffer (0.1 M NaH 2 PO 4 ; pH 7.3 adjusted with NaOH), and they were then washed twice with Milloning's buffer. Cultures stimulated in the presence of HRP were exposed to 0.1% diaminobenzidine and 0.2% H 2 O 2 in Milloning's buffer until color developed, washed twice, and kept overnight at 4°C in Milloning's buffer. At this point, the cells were post-fixed in 1% OsO 4 /1.5% K 3 [Fe(CN) 6 ] for 1 h at 22°C-24°C and then dehydrated in ethanol. The cells were maintained on coverslips until they were embedded in Spurr (Spurr Embedding Kit, TAAB), and after 24 h, the coverslips were removed with liquid N 2 . Ultrathin sections (70 nm) were routinely stained with uranyl acetate and lead citrate, and images were obtained on a JEOL 1010 EX II transmission electron microscope. Fields were randomly selected from three different preparations by the same person to avoid bias and always following the same criteria independently of the treatments. Measurements were taken with the aid of ImageJ software, analyzing different parameters: the diameter of the SVs and of other organelles in the bouton; the distance from the border of each organelle to the middle of the AZ; and the density of organelles in terms of the surface unit.
Western blotting
Proteins from seven DIV cells were separated on 8% sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes (Hybond ECL: GE Healthcare Life Sciences, Madrid, Spain). The membranes were probed with the primary antibodies raised against: AP-2 (mouse anti-adaptin a, 1 : 2000, RRID: AB_397867); AP-3 complex beta-2 subunit (rabbit AP-3 complex beta-2 subunit antibody, 2 lg/mL, RRID:AB_10976384); b-tubulin (1 : 2000, RRID:AB_477556). After several washes, the membranes were incubated with the corresponding IRD-labeled secondary antibodies (LI-COR Biosciences, Bonsai Advanced Technologies, S.L., Alcobendas, Madrid, Spain): goat polyclonal anti-mouse IRD 680 (RRID:AB_621840) or goat polyclonal antirabbit IRD 800 (RRID:AB_621843). The membranes were scanned in an Odyssey Infrared imaging system, and the immunolabeling of proteins was compared by densitometry and quantified using Odyssey 2.0 software (Bonsai Advanced Technologies, S.L., Alcobendas, Madrid, Spain). The data were normalized to the btubulin signal to account for loading differences.
Statistical analyses
No formal power analysis was performed to determine sample sizes prior to executing the study. To minimize subjective bias when analyzing results, data were analyzed using different software that select boutons and always applies the same quality criterion as indicated in each method. Comparisons were done with Statgraphic, Microsoft Office Excel, OriginPro 8.0 or SigmaPlot 11 statistical software (Systat Software, Inc., Bangalore, India). The ShapiroWilk test was used to check for normal distribution data. For abnormally distributed data, non-parametric tests were applied: Mann-Whitney or Kolmogorov-Smirnov test for the comparison of two independent groups and Kruskal-Wallis followed by a Bonferroni test for the comparison of several independent groups. For normally distributed data, the means were compared with a t-test (two groups) or one-way ANOVA, followed by a Bonferroni test (several groups). In all the analyses, a family wise 95% confidence level (p < 0.05) was applied: n indicates the number of individual experiments performed from at least three different cell cultures; and N the number of specimens analyzed (ROIs, boutons, etc. . .).
Results
Chemical stimulation released a higher proportion of loaded FM1-43 than field stimulation, augmenting the proportion of strong unloading boutons Cerebellar granule cells receive strong and sustained stimulation in vivo because mossy fiber (MF) terminals can fire at over 200 Hz for sustained periods (van Kan et al. 1993) .
Moreover, at each release site of MFs to granule cell synapses, sustained vesicular release is preserved at high rates (Saviane and Silver 2006) . To analyze SV recycling in these cells, we loaded cerebellar granule cells boutons with the FM1-43 by stimulating them with 50 mM KCl for 90 s in the presence of the dye, and we then assessed their capacity to unload the dye upon different stimuli. We used chemical stimulation (50 mM KCl perfusion) or field stimulation (two trains of 900 APs at 20 or 40 Hz) to unload the dye, bearing in mind that stimulation in the presence of 1.33 mM external Ca The overall unloading responses were very different for the three stimuli (Fig. 1a) , chemical stimulation producing stronger dye release (s 1 = 29.07 AE 1.79 s and s 2 = 78.74 AE 8.38 s) with a higher proportion of boutons belonging to the strong unloading group (Fig. 1b) . Field stimulation at 20 Hz produced a slower dye release with linear kinetics (slope: À7 9 10 À3 AE 1.8 9 10 À4 a.u/s), which persisted after the stimulation had terminated, albeit with a slightly more relaxed slope (À4.8 9 10 À3 AE 4.2 9 10 À4 a.u/s; p = 7.58 9 10 À4 , ANOVA one way). Faster unloading was achieved when the higher stimulation frequency was used (40 Hz: s 1 = 24.95 AE 3.41 s, and s 2 = 89.79 AE 8.35 s). The proportion of the dye released in the 30 s after stimulation ended was similar for these two protocols, and perfusion of KCl (50 mM) increased dye release to the same level independently of the first stimulus, yet never achieving as strong unloading as that provoked by perfusion of KCl as the first stimulus. These results are consistent with those published previously (van Kan et al. 1993) , indicating that a very strong stimulus is necessary to mobilize the recycling pool in rat cerebellar granule cells and that chemical stimulation provides such a strong stimulation. Furthermore, the boutons could be segregated into the two populations described previously, those undergoing strong or weak unloading (Bartolome-Martin et al. 2012) , and the proportion of strong unloading boutons differed in function of the stimulus. The greater the strength of the stimulus the higher the proportion of strong unloading boutons (Fig. 1b) . Likewise, the percentage of functional boutons also increased with the stimulus strength (Fig. 1b) .
Exposure to Brefeldin A prior to dye loading reduces the density of functional puncta and impairs SV recycling To evaluate SV recycling, cerebellar granule cell boutons were loaded with FM1-43 by stimulating them with 50 mM KCl for 90 s and we then assessed their capacity to unload the dye after a second chemical stimulation ( Fig. 2a and b) . In addition, we also evaluated how exposing these cells to BFA prior to FM1-43 loading affected these events. The boutons were segregated into the two populations described previously (strong and weak unloading) (Bartolome-Martin et al. 2012), and their initial fluorescence was analyzed ( Fig. 2c and d) . This parameter was very heterogeneous, reflecting the differences in size and release probability between synapses (Murthy et al. 1997; Trommershauser et al. 2003) . The initial fluorescence of synaptic nerve terminals that showed weak unloading (median value:1569) was higher than that found in the strong unloading terminals (median value: 1369: Fig. 2c ), indicating that the former takes up more dye. Fluorescence intensity provides a direct measure of the labeled vesicle number (Ryan et al. 1996; Gaffield and Betz 2007) . The differences in exocytosis and thus in loading reflects the variability in calcium responses in individual boutons previously observed in these cells (Brenowitz and Regehr 2007) . Exposure to BFA reduced the initial fluorescence in both groups (strong unloading group: median value: 1273; and weak unloading group: median value: 1233). In the four performed experiments, incubation with BFA provoked only a very mild reduction in strong unloading terminals (control 1261.50 AE 183.65 arbitrary units -a.u.-and BFA 1093.5 AE 182.80 a.u.; mean AESEM, n = 4; p = 0.54076, t-test), but a larger reduction in weak unloading terminals (control 1649.25 AE 115.43 a.u. and BFA 1083.75 AE 182.21 a.u.; mean AE SEM, n = 4; p = 0.03949, t-test). As such, the difference between the two groups observed in control conditions disappeared following prior exposure to BFA.
Typical biphasic unloading kinetics were seen for both these types of boutons ( Fig. 2d and e) , with a rapid initial loss of dye (≤ 15 s; Mozhayeva et al. 2002) . The analysis of the net fluorescence (mean values of row data after the background subtraction; Fig. 2d ; Table 1) showed that boutons treated with BFA released less fluorescence than the control being the fast component the most affected. When the FM1-43 fluorescence was normalized to the initial fluorescence and unloading was analyzed, BFA produced no differences in the extent of release for either weak or strong unloading boutons (Fig. 2e) . However, while the time constants for strong unloading boutons were mainly unaffected by BFA, the release kinetics of weak unloading boutons was delayed (Table 1) . In analyzing these experiments, we noticed that although the cell density and number of labeled puncta per field was similar in control (947.5 AE 112.9 puncta/field) and BFA-treated coverslips (1095.2 AE 135.1 puncta/field; p = 0.445, n = 4, t-test), fewer functional boutons were found per field in the latter. Indeed, BFA caused a clear reduction in the density of the functional boutons (Fig. 2f) , although it did not modify the proportion of boutons in the strong or weak unloading groups. The strong unloading boutons represented 52.31% (AE 2.92) of the population in control 7-8 DIV cells and 48.83% (AE 2.44) following exposure to BFA (p = 1.0, Oneway ANOVA: Fig. 2g ).
The differences in dye unloading between synaptic terminals may indicate that they have distinct recycling capacities, possibly as a result of distinct contributions of the two main endocytotic mechanisms: CME or ADBE (Voglmaier et al. 2006; Bartolome-Martin et al. 2012) . Since BFA Fig. 1 Chemical stimulation releases a higher proportion of loaded FM1-43 increasing both functional and strong unloading group boutons. (a) FM1-43 unloading kinetics upon stimulation with two sequential trains of 900 action potentials at 20 Hz (blue trace; N = 773, n = 7), two sequential trains of 900 action potential at 40 Hz (red trace; N = 904, n = 4) or 50 mM KCl perfusion (black trace; N = 2309, n = 4). In field stimulation protocols, where indicated (black arrows), KCl 50 mM was perfused to get the maximal unloading extent. (b) On the left axis: percentage of strong unloading boutons (release > 40% of fluorescence after 1 min of stimulus onset) expressed as the mean AE SEM of individual experiments from three cell cultures (KCl 50 mM: 31.71 AE 3.73%, n = 4; 2 9 900 AP 20 Hz: 3.51 AE 1.58%, n = 7, ***p = 1.77E-5 vs KCl 50 mM; 2 9 900 AP 40 Hz: 13.19 AE 3.43%; n = 4, **p = 0.0023 vs KCl 50 mM and n.s. p = 0.066 vs 2 9 900 AP 40 Hz, analyzed with ANOVA one-way). On the right axis (striped columns): percentage of functional boutons expressed as the mean AE SEM of individual experiments (KCl 50 mM: 72.79 AE 6.31%, n = 4; 2 9 900 AP 20 Hz: 52.11 AE 4.86%, n = 8, #p = 0.043 vs KCl 50 mM; 2 9 900 AP 40 Hz: 58.36 AE 2.40%, n = 4, n.s. p = 0.3381 vs KCl 50 mM and n.s. p = 1.0 vs 2 9 900 AP 20 Hz, analyzed with ANOVA one-way).
inhibits the budding of SVs from endosomes (Cheung and Cousin 2012) and it more strongly affects weak unloading boutons, bulk endocytosis may be used more intensely in this subset of boutons (Bartolome-Martin et al. 2012) . AP3b2, the neuronal specific subunit of the AP-3 complex was detected in protein extracts from 7 DIV cells (Fig. 2h) , as were the brain specific (112 kDa) and the more widely expressed (105 kDa) adaptin a isoforms (Fig. 2h) .
BFA alters the endosome:SV ratio in boutons after strong and sustained stimulation To examine the proportions of the distinct organelles in the boutons, cells were maintained at rest or stimulated for 90 s with 50 mM KCl to mimic the FM1-43 dye loading protocol, and then washed and fixed as described before. The average number of organelles (small synaptic vesicles -sSV-, organelles < 40 nm) and endosomes (organelles > 40 nm), BFA strong unloading group, n.s., rest of comparisons ***p = 0.00, Kruskal-Wallis followed by Bonferroni test). (d) Mean traces of FM1-43 unloading (raw data after background subtracting, initial and remained fluorescence in each group of boutons is indicated as the mean AE SEM) for boutons corresponding to the strong unloading group and the weak unloading group in the two experimental conditions. (e) Mean traces of FM1-43 unloading normalized to the initial fluorescence (expressed as the mean AE SEM) for boutons corresponding to the strong unloading group and the weak unloading group in the two experimental conditions. (f) Density of functional synaptic boutons expressed as the mean AE SEM (n = 4 each condition **p = 0.00398, ttest). (g) Distribution of the boutons into the two groups (expressed as the mean AE SEM: n = 4 each condition, p = 1.0 one-way ANOVA). (h) Western blot showing the presence of AP2 (a adaptin) and AP3 (AP3b2) in protein extracts from 7 days in vitro (DIV) cerebellar granule cells.
and also the endosome/sSV ratio was assessed in 22-35 active zones in each state (Fig. 3) . At rest, AZ contained very few large organelles and no difference was observed in cells incubated with BFA ( Fig. 3a and b) . After stimulation, when cells were fixed immediately, a great increase in endosome/ sSV ratio was observed in the two experimental conditions, and which was higher in BFA-treated cells. When they were left for 30 min at rest, under control conditions, 4 out of 22 synapses (18%) had a much higher endosome:SV ratio than the average value when all the synapses analyzed were considered. In cells exposed to BFA 30 min prior to stimulation, this ratio was above average in many more synapses (12 out of 24: 50%). The increase in the number of endosomes was also reflected by a decrease in both the total number of SVs and their density in the synapses from cells exposed to BFA (Fig. 3c ). Organelles were slightly closer to the AZ in synapses exposed to BFA. These results are consistent with the coexistence of CME and ADBE following strong and sustained stimulation, and with the fact that inhibiting the AP-1/AP-3 pathway hinders vesicle formation from endosomes, enhancing their accumulation at the synapse.
Exposure to BFA after loading increases the density of functional boutons and the release rate In contrast to the earlier studies, we also analyzed the effect of adding BFA 5 min after the loading step ( Fig. 4a and b) , which produced a different effect from when it was added prior to loading. Under these conditions, the median values of the initial fluorescence were mildly (strong unloading boutons) or markedly (weak unloading boutons) increased ( Fig. 4c and d) . Moreover, there was a clear tendency toward an increase in the mean fluorescence of each group from the different experiments, although these increases did not prove to be significant (data not shown). Furthermore, both the rate of discharge and the kinetics of the weak unloading group differed from the controls (Fig. 4d and e) , and with respect to the values obtained when BFA was administered prior to loading (see Fig. 2 ). An analysis of the net fluorescence revealed that the total discharge of weak unloading boutons increased by 18%, whereas the fast component increased by 28% (Fig. 4d and Table 2 ). The time constants were much smaller than in the controls (Table 2) , although when the unloading values were normalized to the initial fluorescence, the differences in the extent of release were minimized (Fig. 4e) . Finally, the density of the functional boutons augmented significantly with respect to the controls (p = 9.4E-4, one way ANOVA: Fig. 4f) , and although the proportion of boutons in each group did not change, there appeared to be a tendency toward an increase in the proportion of strong unloading boutons (p = 1.0, one way ANOVA: Fig. 4g ).
BFA treatment after stimulation alters the endosome:SV ratio and brings organelles closer to the AZ An ultrastructural analysis of the cells exposed to BFA (for 30 min) 5 min after the end of the 50 mM KCl stimulation (Fig. 5 ) revealed no endosomes in 4 of the 24 synapses analyzed, while in 6 of these the endosome:SV ratio was higher than average. The box and whisker plots showed no difference in the median or the distribution between the two populations (p = 0.3705, Mann-Whitney test: Fig. 5b) . Therefore, unlike when BFA was administered prior to stimulation, the number of SVs per synapse or relative to the unit area was similar to that in the controls when BFA was administered after stimulation (Fig. 5c) . Moreover, the distance of the organelles to the AZ was shorter at synapses from BFA-treated cells (p = 1.4E-17, Kolmogorov-Smirnov test: Fig. 5d and e) . These results together with the reduction in the unloading time constants suggest that the reclustering of vesicles after the stimulus is favored by BFA (Li and Murthy 2001 ).
BFA does not affect the rate of exocytosis during stimulation or the rate of spontaneous vesicle fusion To gain an insight into the effect of BFA on presynaptic activity, neurons were transfected with the vesicular glutamate transporter-1 fused to pHluorin (vGluT1-pH), the fluorescence of which is quenched at the acidic pH within the vesicular lumen and it augments when it is exposed to a more basic pH upon exocytosis (Voglmaier et al. 2006) . We monitored how the boutons recycled their membranes by measuring the increase in vGluT1-pH fluorescence after a 10 s KCl depolarization and its recovery, and we assessed the effect of BFA on these parameters. As a measure of the total population of fluorescently labeled synaptic vesicles, KCl depolarization was followed by the application of ammonium chloride to produce vesicle alkalization in the absence of exocytosis ( Fig. 6a and b) . The maximum amplitude of the vGluT1-pH signal differs from bouton to bouton as a result of the variations in their size and release probability (Murthy et al. 1997; Trommershauser et al. 2003) . Thus, to obtain an independent signal of synaptic heterogeneity, the measurements were normalized to the total pool size. After a recovery period of 5 min, the cells were stimulated in the presence of bafilomycin (Baf), a V-type ATPase inhibitor that blocks endocytosed SV acidification (Sankaranarayanan and Ryan 2001; Burrone et al. 2006) , allowing the net exocytosis to be estimated and providing a measure of the size of the recycling pool . Both the size of the total vesicular pool (maximal fluorescence observed after NH 4 Cl perfusion; data not shown) and that of the recycling pool was unaffected by exposure to BFA (control 46.86 AE 2.14%, n = 5; BFA 41.78 AE 2.26%, n = 5; p = 0.1527, one-way ANOVA: Fig. 6c ). The change in fluorescence in the presence of Baf (after subtraction of the spontaneous release) represented the net exocytosis, whereas the changes in the absence of Baf represented the balance between exocytosis and endocytosis (Fig. 6d) . We determined the rates of exocytosis and endocytosis during stimulation since the time course of endocytosis can be estimated by simply subtracting the fluorescence values obtained in the absence of Baf from those 2) ; ***p = 0.00 Kruskal-Wallis test followed by Bonferroni. (d) Mean traces of FM1-43 unloading (raw data after background subtracting, initial and remained fluorescence in each group of boutons is indicated as the mean AE SEM) for boutons corresponding to the strong unloading group and the weak unloading group in the two experimental conditions. (e) Mean traces of FM1-43 unloading normalized to the initial fluorescence (expressed as the mean AE SEM) for boutons corresponding to the strong unloading group and the weak unloading group in the two experimental conditions. (f) The density of functional synaptic boutons expressed as the mean AE SEM (n = 4 each condition: p = 9.4E-4, one-way ANOVA). (g) Distribution of boutons into the two groups expressed as the mean AE SEM (n = 4 each condition: p = 1.0, one-way ANOVA). Burrone et al. 2006; Zhao et al. 2014) . While the rate of exocytosis during stimulation in BFA-treated boutons (0.0302 AE 0.0015 a.u.) was similar to that in the control boutons (0.0288 AE 0.0022 a.u.; n = 5, p = 0.2819 t-test), the rate of endocytosis during stimulation was slightly higher (BFA 0.019 AE 0.0020 a.u.; control 0.016 AE 0.0024 a.u.; n = 5, p = 0.048 t-test). The effect of BFA on SV endocytosis after stimulation was analyzed in the absence of Baf, and no change in fluorescence recovery was observed, with the estimated time constants being very similar irrespective of the exposure to BFA (control s = 11.38 AE 0.89 s and BFA-treated boutons s = 15.77 AE 1.68 s; p = 0.1097 ttest). The rate of spontaneous SV fusion was also analyzed by examining the kinetics of upward drift in the presence of Baf prior to stimulation and no differences were found (control 0.0597 AE 0.0029 a.u.; BFA 0.0610 AE 0.0018 a.u.; n = 5, p = 0.434 t-test).
Discussion
Our main conclusion from this study is that a strong stimulus is necessary to trigger the maximal release of the FM1-43 incorporated into SVs in cerebellar granule neurons, which is in line with earlier evidence (Chadderton et al. 2004; Jorntell and Ekerot 2006; Cheung and Cousin 2012) . Depolarization with high KCl produced greater unloading and more functional boutons than the two field stimulation protocols, in parallel with a larger proportion of strong unloading boutons, even though these field stimulation protocols were stronger than that which mobilized the whole recycling pool in hippocampal neurons (Ryan and Smith 1995; Ratnayaka Rey et al. 2015) . In accordance with these results, a very high frequency stimulus is necessary to produce the same effect as a 2 min stimulation with KCl in a similar cell preparation (Cheung and Cousin 2012) . Although differences in the age of the culture, in the stimulation protocols used or in the culture conditions may account for the distinct responses to a given stimulus, it is clear that stronger stimuli are necessary to mobilize the recycling pool in cerebellar granule neurons than in other neurons (Ryan and Smith 1995; Ratnayaka et al. 2012; Rey et al. 2015) . This phenomenon is also observed in vivo as the synapses between MFs and granule cells are characterized by high rates of sustained vesicular release (Saviane and Silver 2006) .
We previously reported heterogeneity in the efficiency of vesicle recycling at the synaptic boutons of cerebellar granule cells after strong and sustained KCl stimulation (BartolomeMartin et al. 2012) . Here, we show that depolarization with KCl yields more functional boutons and an increase in the proportion of those of the strong unloading type, indicating that boutons with a higher recycling efficiency need a stronger stimulus to trigger release, a phenomenon that probably reflects the heterogeneity of calcium responses in individual boutons (Brenowitz and Regehr 2007) . Moreover, we show that inhibition of AP-1/AP-3-mediated recycling by BFA significantly alters the SV cycle in these cells, although it does not affect all the boutons equally, which contributes to this heterogeneity. Vesicle recycling is a sequential process (Ryan et al. 1993; Betz et al. 1998) , and the data presented here, obtained through different experimental approaches, seems to indicate that BFA affects several of these steps at the release sites of 7-8 DIV cerebellar granule cells. First, BFA impairs FM1-43 accumulation in the boutons, as reflected by a reduction in the initial fluorescence measured before the unloading stimulus, fundamentally in those boutons with low recycling efficiency. This reduction may reflect: (i) a decrease in the number of vesicles released by the stimulus responsible for dye loading; (ii) an inhibition of endosome formation at the plasma membrane involving AP-1/AP-3 (Voglmaier et al. 2006) ; (iii) a delay in membrane retrieval as a result of the persistence of open endocytic structures that are washed out during the washing period; or (iv) a higher degradation of bulk endosomes via the lysosomal pathway. The inhibition of exocytosis is unlikely because no such inhibition was observed when BFA was added 5 min after FM1-43 loading and its unloading was analyzed, or when vGluT1-pH fluorescence in the presence of Baf was used as a readout of exocytosis. Thus, the contribution of an AP-1/AP-3 dependent pathway on plasma membrane retrieval is more plausible, in line with recent data (Park et al. 2016) . Although no evidence is currently available to suggest that bulk endosomes are degraded (Cousin 2015) , their degradation also might explain the decrease in fluorescence observed in BFA-treated cells because more endosomes were observed in these cells fixed immediately after the stimulation. The impairment of their processing might favor their fusion with sorting endosomes, maturation into late endosomes and degradation via the lysosomal pathway (Grant and Donaldson 2009) . Besides the decrease in fluorescence, the kinetics of FM1-43 unloading in these boutons was delayed and ultrastructural analysis showed an increase in the endosome:SV ratio in a subset of synapses from cells treated with BFA. These results are consistent with the activation of bulk endocytosis by intense stimulation (Clayton et al. 2008; Cheung and Cousin 2012) , and with the fact that the budding of SVs from endosomal compartments is mediated by the AP-1/AP-3 adaptor protein complexes that are sensitive to BFA (Voglmaier et al. 2006; Kim and Ryan 2009; Cheung and Cousin 2012) . In addition, we also found a reduction in the density of functional boutons in the fields treated with BFA before loading, even though there was a similar total number of labeled puncta as in the controls. Thus, there would appear to be puncta whose vesicular recycling is absolutely dependent on a pathway that is sensitive to BFA, and they escape analysis because they don't satisfy the Igor's quality index (Bartolome-Martin et al. 2012) . This fraction may represent a very immature population of boutons that have not yet established adequate connections with the postsynaptic target (Hata et al. 2007; Korber et al. 2012; Shetty et al. 2013) . Alternatively, there is a population of labeled puncta that may represent the ectopic release sites described in parallel fibers Jahr 2003, 2004; Matsui et al. 2005 ) that becomes depressed by repetitive stimulation because of a failure to rapidly recycle vesicles (Balakrishnan et al. 2011) . Indeed, ultrastructural analysis defines regions along the axon where vesicles accumulate but they are not in contact with a postsynaptic density (data not shown), possibly representing nascent synapses or ectopic release sites that display activitydependent exocytosis and endocytosis (Hata et al. 2007) .
Overall, these results demonstrate that AP-1/AP-3-dependent pathways may contribute distinctly to the recycling of SVs in the distinct types of boutons, possibly as a result of differences in their maturation (Polo-Parada et al. 2001; Hata et al. 2007; Park et al. 2016) . The stimulation protocol used in this work triggers both CME and ADBE Cousin 2012, 2013) , and the AP-1/AP-3 pathway constitutes a second, independent mechanism of SV regeneration that operates in parallel to CME Korber et al. 2012) . Since the two forms of SV retrieval coexist in the same synaptic terminal, competition between them can regulate the rate and extent of SV protein recycling (Voglmaier et al. 2006; Foss et al. 2013) . Here, we show that boutons with weak unloading are partially sensitive to BFA, whereas the remaining boutons undergo vesicular recycling that seems almost completely insensitive to BFA. Although the precise molecular mechanisms underlying these phenomena remain elusive, different amounts of AP-1/AP-3 as opposed to AP-2 could underlie the different contributions of these pathways to SV recycling in each bouton. The fact that the majority of these effects are no longer observed when BFA was added 5 min after the loading stimulus may indicate that endosomes are rapidly converted into SVs in the strong unloading boutons, possibly because the AP-2/clathrin complex also contributes to SV formation from endosomes (Kononenko et al. 2014) . However, endosomes are arrested in the other subset of boutons, and thus, they constitute the group of boutons with low recycling efficiency that are more sensitive to BFA.
Our results also show that exposure to BFA after dye loading produces an increase in fluorescence intensity and a potential increase in functional boutons, accompanied by a slightly higher proportion of strong unloading boutons.
Hence, there appears to be a reorganization of the vesicle pools after stimulation and BFA treatment helps to concentrate vesicles close to the AZ, as evident in the ultrastructural analysis. This concentration of vesicles may reflect a switch in the pathway of endosome recycling to an AP-2/clathrin dependent one (Kononenko et al. 2014) . In fact, it has been argued that the different SV pools may reflect different recycling routes (Danglot and Galli 2007) and that the reserve pool may be recycled by bulk endocytosis (Rizzoli and Betz 2005) . Although this issue remains unclear, recent work suggests that the terminal may be able to shift between different recycling pathways in function of the vesicular requirements dictated by neuronal activity (Micheva and Smith 2005; Granseth et al. 2006; Renden and von Gersdorff 2007; Watanabe et al. 2013; Kononenko and Haucke 2015) . Indeed, the rapidly recycling pool of SVs appears to utilize multiple endocytic modes following exocytosis (Schikorski 2014) .
In summary, our findings provide evidence for the involvement of the AP-1/AP-3 pathway in regulating different steps of SV cycling in cerebellar granule cells. It contributes to membrane recycling after massive exocytosis evoked by prolonged and sustained stimulation, although with a different weight in different subset of boutons that may reflect their functional maturity.
